The correlation between objective and self-reported measures of physical activity varies between studies. We examined this association and whether it differed by demographic factors or socioeconomic status (SES). Data were from 3,975 Whitehall II (United Kingdom, 2012 participants aged 60-83 years, who completed a physical activity questionnaire and wore an accelerometer on their wrist for 9 days. There was a moderate correlation between questionnaire-and accelerometer-assessed physical activity (Spearman's r = 0.33, 95% confidence interval: 0.30, 0.36). The correlations were higher in high-SES groups than in low-SES groups (P 's = 0.02), as defined by education (r = 0.38 vs. r = 0.30) or occupational position (r = 0.37 vs. r = 0.29), but did not differ by age, sex, or marital status. Of the self-reported physical activity, 68.3% came from mild activities, 25% from moderate activities, and only 6.7% from vigorous activities, but their correlations with accelerometer-assessed total physical activity were comparable (range of r 's, 0.21-0.25). Self-reported physical activity from more energetic activities was more strongly associated with accelerometer data (for sports, r = 0.22; for gardening, r = 0.16; for housework, r = 0.09). High-SES persons reported more energetic activities, producing stronger accelerometer associations in these groups. Future studies should identify the aspects of physical activity that are most critical for health; this involves better understanding of the instruments being used. accelerometry; cohort studies; elderly; epidemiologic methods; physical activity; questionnaires Abbreviations: CI, confidence interval; MET, metabolic equivalent; SES, socioeconomic status.
Physical inactivity has a deleterious effect on health; it is estimated that a 25% decrease in its prevalence would prevent over 1.3 million deaths worldwide every year (1) . However, these estimates are imprecise, as much of the evidence comes from self-reported data on physical activity (2) . The Spearman correlation (r) between objectively measured physical activity (e.g., accelerometry, doubly labeled water, heart rate monitoring) and activity measured via questionnaire varies between studies and ranges from −0.71 to 0.96 (3) (4) (5) , but it is typically low to moderate (mean across studies: r = 0.37; standard deviation, 0.25) (4). The reasons for this inconsistency are poorly understood. Differences in the measurement instruments used (4, 6, 7) and the sociodemographic characteristics of study populations (such as age, sex, and education) might affect the association, although their role remains unclear (4, (8) (9) (10) (11) (12) (13) (14) (15) .
Our aim in the present study was to examine whether the correlation between questionnaire-assessed and accelerometerassessed physical activity differed by sociodemographic factors in a large British cohort. In addition, we assessed the potential influence of level and type of physical activity reported. 1985-1988 (16) . Participants gave written informed consent, and the University College London ethics committee approved the study protocol. Since the study's inception, sociodemographic, behavioral, and health-related factors, including self-reported physical activity, have been assessed approximately every 5 years (1985-1988, 1991-1993, 1997-1999, 2002-2004, 2007-2009 and 2012-2013) . Accelerometry measurements were added to the study during the 2012-2013 wave of data collection for participants seen at the central London clinic and those living in the southeastern regions of England, who were screened at home.
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Questionnaire-based assessment of physical activity
For questionnaire assessment of physical activity, we used a modified version of a previously validated questionnaire, the Minnesota Leisure Time Physical Activity Questionnaire (17, 18) . The questionnaire instructions stated, "We would like to know about your activities at work and in your free time that involve physical activity." It included 20 items on the amount of time spent in the following activities: walking, sports (cycling, soccer, golf, swimming, and 2 open-ended questions on "other sports"), gardening (weeding, mowing, and 1 open-ended question on "other gardening activities"), housework (carrying heavy shopping items, cooking, hanging out washing, and 2 open-ended questions on "other housework"), and do-it-yourself activity (building, modifying, or repairing something without the aid of experts or professionals, such as manual car-washing, painting, or decorating, and 1 open-ended question on "other do-it-yourself activity"), as well as 2 open-ended questions on "other activities." For each item, participants were required to take into account activity patterns over the past 4 weeks to give an indication of their usual activity and to provide the total number of hours spent in that activity per week (19).
For each activity, including open-ended items, we assigned a metabolic equivalent (MET) value by using a compendium of activity energy costs (20) . One MET reflects the intensity of an activity relative to lying quietly. Each activity was assigned a MET value. For values lower than 3 METs (e.g., dish-washing, boating), the activity was recoded as mild physical activity; for values ranging from 3 METs to 5.9 METs (e.g., cycling, weeding), the activity was recoded as moderate physical activity; and for values of 6 METs or above (e.g., swimming, mowing), the activity was recoded as vigorous physical activity. Overall physical activity level was estimated in MET-hours/week, the sum of the product of the intensity (MET) and weekly duration (hours/week) of all activities reported. We also calculated the number of MET-hours/week spent at different levels of physical activity (mild, moderate, or vigorous) and in each type of physical activity: walking, sports, gardening, housework, do-it-yourself activities, and other activities (21) .
Accelerometer-assessed physical activity
For accelerometer assessment of physical activity, a wristworn triaxial accelerometer (GeneActiv; Activinsights Ltd., Cambs, United Kingdom) was used, and participants were asked to wear the accelerometer on their nondominant wrist nonstop for 9 consecutive 24-hour days. The accelerometer was sampled at 87.5 Hz, and data were stored in gravity (g) units (1 g = 9.81 m/second²). Calibration error was estimated on the basis of static periods in the data and corrected if necessary (22) . The Euclidean norm (magnitude) of the 3 raw signals minus 1 g, with negative numbers rounded to zero, was used to quantify the acceleration related to the movement registered and was expressed in milligrams (23) . Participants were also asked to complete a diary in addition to wearing the accelerometer to report overnight sleep periods (falling asleep/standing-up times), cycling, and nonwear time.
Accelerometer data were processed in R (R Core Team, Vienna, Austria) using the software package GGIR and were managed on MOVEeCloud (MoveLab, Newcastle University, Newcastle-upon-Tyne, United Kingdom), a cloud computing system for physical activity research (24) . Data extracted between the first midnight and the last midnight were retained for the analysis, leading to a maximum of 24-hour measurements for 8 days. Participants were included in the analysis if they had data for ≥16 hours/day from at least 2 weekdays and 2 weekend days. As in other studies (23, 25) , accelerometer nonwear time was estimated on the basis of the standard deviation and value range of each accelerometer axis, calculated for moving windows of 60 minutes with 15-minute increments. A time window was classified as nonwear time if, for at least 2 out of the 3 axes, the standard deviation was less than 13.0 mg (1 mg = 0.00981 m/second 2 ) or if the value range was less than 50 mg. A more detailed description of this technique can be found in a previous publication (23) . For each participant, for each 15-minute period detected as device nonwear time, data were replaced by their own data from the same time of day, averaged across the other recorded days to provide a person-specific informed approach (based on activity at the same time on other days) to imputing data (25) . This method does not equate nonwear time with inactivity or assume that daily wear time is representative of the rest of the day (25, 26) .
Because the observation period covered 8 days, the data were recoded so that our measure reflected physical activity over the course of 1 week to match the self-reported weekly physical activity. If a participant had 3 weekend days or 6 weekdays, the wrist accelerations of the first and last full days of measurement (for example, 2 Tuesdays 1 week apart) were averaged to represent 1 unique day. The average of the wrist acceleration over weekdays (even if less than 5) was calculated to represent daily weekday physical activity level, and the same was done for weekend days. Thus, the weekly accelerometer-assessed total physical activity (mg/week) was calculated as: [(5 × mean daily weekday wrist acceleration) + (2 × mean daily weekend wrist acceleration)]. Only days with ≥16 hours per day of wear, the "valid days," were included in this calculation.
Sociodemographic factors
Demographic variables included age, sex, ethnicity (white, South Asian, black, or other), and marital status (married/cohabiting, single, widowed, or divorced/separated). Results for participants reporting "other" ethnicity were not analyzed because of small numbers in this category (n = 31).
Socioeconomic status (SES) measures included occupational position at age 50 years and education. Education was the highest qualification attained upon leaving full-time education and was categorized as less than primary school (up to age 11 years), lower secondary school (up to age 16 years), higher secondary school (up to age 18 years), or university degree or higher. Occupational position was defined using the British civil service employment grade as high (administrative), intermediate ( professional or executive), or low (clerical or support). This measure in the Whitehall II data is a comprehensive marker of socioeconomic circumstances and is related to salary, social status, and level of responsibility at work.
Statistical analysis
In order to show agreement between physical activity assessed by questionnaire (MET-hours/week) and accelerometry (mg/week), we first compared tertiles of these measures using the κ index. Because of nonnormality of the physical activity measures, we used Spearman correlations between MET-hours/week and wrist acceleration/week in the total population, and then separately in the different sociodemographic groups. Since the Spearman correlation coefficient is equal to the slope of the regression between the ranked values of the two measures, sex differences were tested by regressing the sex-specific rank of wrist acceleration/week on the sex-specific rank of MET-hours/week together with the interaction term (sex × rank of MET-hours/week) using a linear model. The P value for interaction was used to test whether the correlation between questionnaire-based and accelerometer-assessed physical activity differed by sex. This analysis was repeated for each sociodemographic variable under consideration. For age, educational level, and occupational position, a P value for trend across the categories was also calculated by fitting a linear group interaction term with rank of MET-hours/week.
The correlations of reported level (mild, moderate, or vigorous) and type (walking, sports, gardening, housework, do-it-yourself, or other) of physical activity (MET-hours/ week) with questionnaire-assessed (MET-hours/week) and accelerometer-assessed (mg/week) total physical activity were also evaluated using Spearman correlations.
Finally, for each participant, the contribution of reported level of physical activity to the total questionnaire-assessed physical activity level was expressed as a percentage, calculated as [100 × physical level under consideration (METhours/week)/total physical activity (MET-hours/week)]. The Kruskal-Wallis rank test was used to determine whether the contribution of each physical activity level differed according to sociodemographic factors. A similar analysis was undertaken for type of physical activity.
A minority of the participants wore the accelerometer on their dominant hand. We undertook sensitivity analyses to test whether this influenced results by repeating the analysis of correlation between questionnaire-and accelerometerassessed physical activity levels using data only from participants who wore the accelerometer on their nondominant hand. Because accelerometers are known not to measure cycling correctly, we repeated the analysis in participants who did not report cycling in the diary that accompanied the accelerometer. Analyses were performed with SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
Among the 4,880 participants to whom the accelerometer was proposed, 388 did not consent and 210 had contraindications (allergies to metal or plastic, traveling abroad during the wear period, etc.) ( Figure 1 valid data (≥16 hours/day) for at least 2 weekdays and 2 weekend days. Of these persons, 3,975 also responded to the self-administered physical activity questionnaire, constituting the analytic sample for the present analysis. Compared with the 905 participants who were not included, the analytic sample was composed of more men than women (74.0% vs. 67.4%; P < 0.0001) but did not differ with regard to other sociodemographic characteristics. The median delay between responding to the questionnaire and accelerometer wear was 5 days (interquartile range, 1-22 days).
Among the 3,975 participants included in the analytic sample, 3,861 (97.1%) had data for ≥16 hours/day for the full 8 days; 45 (1.1%) had such data for 7 days; 31 (0.8%) had data for 6 days; and 38 (1.0%) had data for 4-5 days. In all, missing data were replaced for 1-2 hours for 26.2% of the participants, >2-5 hours for 1.4% of the participants, >5-10 hours for 1.1% of the participants, and >10-25 hours for 0.4% of the participants. Table 1 shows the cross-classification of tertiles of questionnaire-and accelerometer-assessed physical activity. The κ coefficient was 0.16, suggesting poor overall agreement; fewer than 50% of participants were classified in the same tertile by the two methods. The correlation between questionnaire-and accelerometer-assessed total physical activity (Table 2) in the total analytic sample was 0.33 (95% confidence interval (CI): 0.30, 0.36). Among the demographic measures, the correlation differed only as a function of ethnicity; it was higher in white participants (r = 0.34, 95% CI: 0.31, 0.36; P for interaction = 0.02). Both SES measures (occupational position and education) affected the correlations; correlations were higher in the higher-SES group than in the lower-SES group (P's for trend = 0.02). For example, the correlation was greater in persons with a high occupational position (r = 0.37, 95% CI: 0.33, 0.41) than in those with a low occupational position (r = 0.29, 95% CI: 0.21, 0.38). Table 3 shows the correlation of questionnaire-assessed physical activity level or type (MET-hours/week) with overall MET-hours/week and accelerometer-assessed total physical activity. Moderate and vigorous physical activities contributed to less than one-third of the total reported physical activity (25.0% and 6.7%, respectively). Mild activities contributed the most (68.3%) and had the strongest correlation with total reported physical activity (r = 0.78, 95% CI: 0.76, 0.79). However, the correlations with accelerometerassessed total physical activity were comparable for mild, moderate, and vigorous activity (all r's = 0.21-0.25). Given that mild activities dominated physical activity, this result suggests a stronger "true" association of moderate and vigorous activities with accelerometer-assessed physical activity. The correlations between reported type of physical activity, analyzed using MET-hours/week, and accelerometerassessed total physical activity were strongest for sports (r = 0.22, 95% CI: 0.19, 0.25) and walking (r = 0.21, 95% CI: 0.18, 0.24), followed by activities performed around the house, such as gardening (r = 0.16, 95% CI: 0.13, 0.19) and do-it-yourself activities (r = 0.15, 95% CI: 0.12, 0.18), while a lower correlation was observed for housework (r = 0.09, 95% CI: 0.05, 0.12).
The contribution of level of reported physical activity to the total MET-hours/week derived from the questionnaire differed according to all sociodemographic factors examined (Table 4 ) (all P's < 0.001). More of the physical activity came from mild activities among women, among older, nonwhite, and not-married/cohabiting participants, and among participants from the lower educational and occupational position groups. A similar pattern was observed for different types of physical activity (Appendix Table 1 ).
There was no association between wearing the accelerometer on the dominant wrist (n = 145; 3.6%) and sociodemographic variables (P > 0.18). Removing these participants from the analysis did not alter results (correlation between MET-hours/week and wrist acceleration/week: r = 0.33, 95% CI: 0.30, 0.36). When participants who reported cycling were removed from the analysis (n = 3,458), the correlation between questionnaire data and accelerometer data was 0.31 (95% CI: 0.28, 0.34).
DISCUSSION
In a large British cohort of older adults aged 60-83 years, the overall correlation between questionnaire-assessed and accelerometer-assessed physical activity was low and differed across sociodemographic groups. It was higher in the high-SES groups, as defined by occupational position at age 50 years or highest academic qualification, and in whites compared with nonwhite participants. However, it did not differ as a function of age, sex, or marital status.
Accelerometers were initially used in epidemiologic research to validate questionnaires, primarily in small studies (4). However, the low-to-moderate correspondence between questionnaire-based and accelerometer-assessed physical activity measurements, along with the growing affordability of accelerometers, is increasingly leading to use of accelerometers to measure physical activity in large studies (27) (28) (29) (30) (31) (32) (33) (34) (35) . Accelerometry is often used in validation studies (4, 8) , but it is far from a "gold standard," since it measures the movement of only 1 body part (increasingly the wrist due to ease of wear) but the resulting inferences are applied to the whole body. In addition, although several authors have proposed thresholds to define mild, moderate, and vigorous levels of physical activity (34, (36) (37) (38) (39) (40) (41) (42) and have developed algorithms for detecting types of physical activity (43) (44) (45) (46) , there is no consensus on the best method and there is considerable inconsistency in results derived from different algorithms (39) . It is likely that both questionnaires and accelerometers will continue to be used to assess physical activity in order to examine associations with health outcomes. Therefore, better understanding of the association between physical activity assessed using questionnaires and that assessed using accelerometers is needed. The overall correlation between questionnaire-and accelerometer-assessed physical activity in our study (r = 0.33) was in the range reported by other investigators (3-5). Our study differed in 2 ways: 1) wear position-the accelerometer was worn on the wrist rather than the waist, and 2) wear time each day-24 hours as opposed to waking hours only. Previous studies used nonwaterproof waistmounted devices that are removed before sleep or before water-based activities such as swimming (4). Because we used a waterproof wrist-worn accelerometer which allowed data to be collected over 24 hours, we expected a stronger correlation than was obtained in previous studies. However, wrist-worn devices may be poorer measures of total body movement than waist-worn devices (42, 47) . This might explain why the overall correlation in our study was similar to correlations observed using waist-worn accelerometers.
Cycling, classified as a moderate-to-vigorous activity, is poorly measured by accelerometers (14) . In the present data, this is unlikely to have contributed to the low correlation between reported and accelerometer-assessed physical activity, since removing participants who reported cycling did not change the overall correlation. We used a 20-item questionnaire to assess reported physical activity; it might be argued that a more elaborate questionnaire would be better able to measure the diversity in physical activities. A possible source of error is that questionnaires like ours (17, 48, 49) assess duration and frequency but not the intensity at which activities are performed. The unique MET value assigned to an activity represents a mean intensity at which the activity is usually performed, although walking, for example, could have MET values ranging from 2.0 to 12.0 (20) if walking speed and ground slope were taken into account. There are some questionnaires, such as the International Physical Activity Questionnaire (5) or the National Health and Nutrition Examination Survey physical activity questionnaire (15) , that also request information on intensity of physical activity. However, the resulting correlation with objective measures of physical activity is similar to that in the present study (5, 15) , suggesting that reporting biases in intensity and duration might be drivers of the poor association with accelerometer data.
Few studies have examined the influence of sociodemographic factors on the correlation between questionnaireand accelerometer-assessed measures of physical activity, and they suggest better correlation in men (4, (8) (9) (10) (11) (12) , younger subjects (8) (9) (10) 12) , and persons with higher education (12) . Our data showed higher correlations in higher-SES groups but no differences as a function of age or sex in older adults. The correlation in our study of moderate and vigorous physical activities with accelerometer-assessed total physical activity was comparable to that of mild activities, whereas these activities contributed to less than one-third of the total reported physical activity, suggesting a stronger "true" association between accelerometer data and reported moderate and vigorous activities, as was also observed in previous studies (6, 17) . The stronger association could be explained by better estimation by the participants of the duration of vigorous activities (e.g., sports) (6). There is also some evidence from laboratory and free-living experiments that accelerometers record vigorous activity more accurately than lightto-moderate activity (50) (51) (52) , perhaps also contributing to the weaker association with mild activities. In addition, we observed that more energetic activities (e.g., sports or gardening) contributed more to the overall reported physical activity in persons from high-SES groups, as was suggested by a recent review (53) . Taken together, these results provide one explanation for the lower correlation between self-reported and accelerometer-assessed physical activity in sociodemographic groups where mild activities constitute the bulk of reported physical activity.
This study had several strengths, including its large size, use of a waterproof wrist-worn accelerometer, use of raw data rather than "counts" data (23, 54) , and a high level of compliance for accelerometer wear. Our study also had some limitations. First, although the sample covered a wide socioeconomic range, with annual full-time salaries ranging from £4,995 ($8,213) to £150,000 ($246,600), data were from an occupational cohort and cannot be assumed to be representative of the general population. Second, although our results are in accordance with those of previous studies that used different instruments, the International Physical Activity Questionnaire, or a different type of accelerometer (e.g., the Actigraph (Actigraph Corporation, Pensacola, Florida)), they are specific to the instruments used, so results might not be generalizable to other instruments.
To our knowledge, this was the first study of its kind in a population of older adults. Physical activity is seen to be key for successful aging (55) , and in order to estimate its impact on health at older ages, the discrepancies in its measurement need to be better understood. In the present study, we found that the correlation between questionnaire-assessed and accelerometer-assessed physical activity did not differ by age. Because the age range of participants in our study was limited, we cannot exclude the possibility of age effects in the oldest old. Questionnaire-assessed physical activity was more strongly correlated with accelerometer data in higher-SES groups, and our data suggest that a source of this discrepancy may be the pattern of reported physical activity. Indeed, the type of reported physical activity determines the magnitude of the association between questionnairebased and accelerometer-assessed physical activity; in general terms, associations are stronger for more energetic activities. Thus, groups with a more intense physical activity pattern show stronger associations with accelerometerassessed physical activity. In future studies, researchers need to identify the aspects of physical activity that are most critical for health; this involves paying closer attention to measurement issues. Drs. Séverine Sabia and Vincent T. van Hees contributed equally to this work. 
